Background and purpose -Patient-reported outcome (PRO) is recognized as an important tool for evaluating the outcome and satisfaction after total hip arthroplasty (THA). We wanted to compare patient-reported outcome measure (PROM) scores from patients with ceramic-on-ceramic (CoC) THAs and those with metal-on-metal (MoM) THAs to scores from patients with metalon-polyethylene (MoP) THAs, and to determine the infl uence of THA-related noise on PROM scores.
Background and purpose -Patient-reported outcome (PRO) is recognized as an important tool for evaluating the outcome and satisfaction after total hip arthroplasty (THA). We wanted to compare patient-reported outcome measure (PROM) scores from patients with ceramic-on-ceramic (CoC) THAs and those with metal-on-metal (MoM) THAs to scores from patients with metalon-polyethylene (MoP) THAs, and to determine the infl uence of THA-related noise on PROM scores.
Patients and methods -We conducted a nationwide crosssectional questionnaire survey in a cohort of patients identifi ed from the Danish Hip Arthroplasty Registry. The PROMs included were: hip dysfunction and osteoarthritis and outcome score (HOOS), EQ-5D-3L, EQ VAS, UCLA activity score, and questions about noise from the THA. The response rate was 85% and the number of responders was 3,089. Of these, 45% had CoC THAs, 17% had MoM THAs, and 38% had MoP THAs, with a mean length of follow-up of 7, 5, and 7 years, respectively.
Results -Compared to MoP THAs, the mean PROM scores for CoC and MoM THAs were similar, except that CoC THAs had a lower mean score for HOOS Symptoms than did MoP THA. 27% of patients with CoC THAs, 29% with MoM THAs, and 12% with MoP THAs reported noise from their hip. For the 3 types of bearings, PROM scores from patients with a noisy THA were statistically signifi cantly worse than those from patients with a silent MoP THA. The exception was noisy CoC and MoM THAs, which had the same mean UCLA activity score as silent MoP THAs.
Interpretation -A high proportion of patients reported noise from the THA, and these patients had worse PROM scores than patients with silent MoP THAs.
■ Due to problems related to polyethylene wear particles (Jacobs et al. 1994 ), ceramic-on-ceramic (CoC) and metal-onmetal (MoM) bearings have been introduced as alternatives to metal-on-polyethylene (MoP) bearings. In population-based studies from hip arthroplasty registries, the medium-term survival of CoC THA equalled that of MoP THA. In contrast, medium-term survivorship for MoM THA was lower than that for MoP THA, especially for specifi c component brands of MoM THA. The main cause of revision for CoC THA was dislocation (1.2%), and for MoM THA it was aseptic loosening (1.9%) (Varnum et al. 2015a, b) . As survival and causes of revision differed for different types of bearings, one could also ask whether patient-reported outcomes (PROs) would be different for different bearings in THA. To our knowledge, only 2 studies have examined the infl uence of different bearings on PROs. A study from a single center in the UK, involving 911 patients with a mean follow-up of 2.4 years after index surgery, found no relationship between bearings and patientreported outcome measure (PROM) scores (Smith et al. 2012) . In a study from the National Joint Registry for England and Wales (NJR), the EQ-5D index was compared for different bearings after 6 months of follow-up (Jameson et al. 2015) . These studies were, however, limited by the small number of patients, the lack of generalizability, and the short follow-up.
An alternative outcome reported for THA is noise. In a meta-analysis, the reported prevalence of squeaking from CoC bearings was 4.2% (Owen et al. 2014) , but other studies have reported prevalences ranging from less than 1% (Capello et al. 2008 ) to 36% (Swanson et al. 2010) . Noises from MoM and MoP bearings have also been reported (Jarrett et al. 2009 , Bernasek et al. 2011 ), but only a few authors have studied the infl uence of bearing noise on PROs and health-related quality of life (Restrepo et al. 2010 , Sexton et al. 2011 .
We therefore conducted a nationwide cross-sectional questionnaire survey in a cohort of patients registered in the Danish Hip Arthroplasty Registry (DHR). We examined the association between CoC, MoM, and MoP bearings and both generic and disease-specifi c PROM scores. Furthermore, we examined the prevalence and types of noises from the 3 types of bearings and the association between noise and postoperative PROM scores.
Patients and methods
The population of Denmark is approximately 5.6 million, and every Danish citizen has a unique, 10-digit civil registration number.
Sources of data
The Civil Registration System (CRS) was established in 1968 (Schmidt et al. 2014) . It contains data on address, date of emigration, date of death, and whether or not people are protected against inquiries from researchers.
The DHR, founded in 1995 (Lucht 2000) , is a nationwide, population-based clinical database containing prospectively collected data on primary THAs and revisions. The registry was validated in 2004 (Pedersen et al. 2004 ) and has a coverage of 100%, since all the orthopedic departments and private clinics report to the registry. The completeness of the DHR has been about 95% (for both primary procedures and revisions) for many years, relative to the Danish National Patient Registry (DNPR), which is considered to be the gold standard-as departments are reimbursed by the authorities when they report to the DNPR.
The DNPR was established in 1977, and contains data on all admissions and discharges from Danish hospitals, including diagnoses and surgical procedure codes. Since 1994, diagnoses have been classifi ed according to the Danish version of the International Classifi cation of Diseases, tenth edition (Schmidt et al. 2015) . Based on data from the DNPR, the Charlson comorbidity index (CCI) using 10-year history of hospitalization was determined at the time of receiving PROMs (Charlson et al. 1987 , Thygesen et al. 2011 ). The CCI is composed of 19 major disease categories, each weighted with 0, 1, 2, 3, or 6 points. The index score is provided by the sum of these weightings, and patients were classifi ed according to 3 levels of comorbidity: low-index (individuals with a score of 0 prior to the time of receiving PROMs), moderate-index (individuals with 1 or 2 points), and high-index (individuals with more than 2 points) (Groot et al. 2003 ).
Study population
The study population consisted of patients who had stemmed THA with CoC, MoM, or MoP bearings, and who were operated for primary osteoarthritis (OA), femoral head osteonecrosis, infl ammatory arthritis, or sequelae from childhood hip disorder ( Figure) . In MoP bearings, the polyethylene could be either ultra-high-molecular-weight or highly cross-linked polyethylene.
Registration of type of bearings in the DHR started in 2002. From this registry, we identifi ed all patients who had undergone primary THA with CoC bearings between January 1, 2002 and December 31, 2009, with no revisions registered in the DHR and still alive on May 31, 2012. Each CoC patient was matched according to sex, age at primary surgery, and year of surgery to 1 patient with MoM bearings and 1 patient with MoP bearings. These patients had to fulfi ll the same inclusion criteria as the CoC patients. However, it was not possible to defi ne a unique match to every patient with CoC THA in patients with MoM and MoP THA, which resulted in unequal groups. When a patient underwent bilateral THA, only the fi rst was eligible for this study due to the statistical assumption of independent observations. Patients were excluded if they had protection against inquiry from researchers, if they had Non-repsonders (n = 536)
Number of patients receiving PROMs n = 3,770
Responders (response rate 85%) n = 3,089
Flow chart showing patients in the study population.
an unknown address, or if they had received hip resurfacing arthroplasty and a dual-mobility acetabular system-due to the different prosthetic/mobility concept (and therefore different prognosis). 3,770 patients were eligible for the study and received PROMs. Patients who send back answered PROMs were classifi ed as responders (n = 3,089). Patients were classifi ed as non-responders if they returned unanswered PROMs (n = 31) or if they did not send back the PROMs at all (n = 505). 145 patients answered that they had undergone revision surgery. This may have been due to delay of registration of revision in the DHR or to revision surgery after May 31, 2012, and these 145 patients were excluded. Since patients received the questionnaire on November 1, 2012, the minimum follow-up was 2.8 years from primary THA.
PROMs
A complete questionnaire including an addressed and pre-paid return envelope was mailed in paper form to the patient. The questionnaire comprised an introduction letter, disease-specifi c and generic PROMs, and questions about noise from the THA. In the introduction letter, it was clearly pointed out that the questionnaire should be answered on the basis of the left or right THA when the patient had undergone bilateral THA. We included questions covering background data such as height and weight for calculation of BMI. Due to the possible delay in registration of revision data in the DHR, the patients were asked if they had had revision surgery in that particular THA. If necessary, 1 reminder letter was sent. Returned questionnaires were scanned electronically using a validated automated forms-processing technique (Paulsen et al. 2012a) .
HOOS. The hip disability and osteoarthritis outcome score (HOOS) (Nilsdotter et al. 2003 ) is disease-specifi c. It was constructed by adding dimensions dealing with function in sport and recreation and hip-related quality of life to the Western Ontario and McMaster Universities osteoarthritis index (WOMAC) (Bellamy et al. 1988) . HOOS includes 5 subscales: pain, other symptoms, activities of daily living, sport and recreation function, and hip-related quality of life. It is a validated instrument , Nilsdotter et al. 2003 and is recommended for evaluation of patients with hip OA who undergo non-surgical treatment and surgical interventions such as THA (Thorborg et al. 2010 ). For each subscale, a score between 0 and 100 is calculated (with 100 indicating no symptoms and 0 indicating extreme symptoms). The subscale score can be calculated if at least 50% of the items on the subscale have been answered (HOOS scoring instructions are available at http://www.koos.nu/index.html).
EQ-5D-3L. The EQ-5D-3L describes the health-related quality of life from a social point of view (EQ-5D index) and from the patient's point of view (EQ visual analog scale (VAS)) (The EuroQol Group 1990 , Brooks 1996 . The EQ-5D index is determined from 5 dimensions-mobility, self-care, usual activities, pain/discomfort, and anxiety/depressionand the patient choses 1 of 3 levels of severity for each dimension: no problems, some/moderate problems, and extreme problems. Based on the time trade-off method (Dolan et al. 1996) , a value set ranging from −0.624 to 1, where 1 indicates full health and 0 represents being dead, constitutes the Danish culture-adjusted EQ-5D index (Wittrup-Jensen et al. 2009 ). The EQ VAS is determined when the patients value their current state of health on a scale ranging from 0 ("worst imaginable") to 100 ("best imaginable").
UCLA activity score. The University of California, Los Angeles (UCLA) activity score is disease-specifi c and has 10 descriptive activity levels ranging from wholly inactive and dependent on others (level 1) through moderate activities such as unlimited housework and shopping (level 6), to regular participation in impact sports such as jogging or tennis (level 10) (Amstutz et al. 1984) . The UCLA activity score has been found to be the most appropriate scale for assessment of physical activity levels in patients undergoing total joint replacement (Naal et al. 2009 ).
Information on noise. We asked all the patients if they had experienced noise from their THA. If so, the patient was asked to describe the noise as squeaking, creaking, grating, clicking, or "other". Furthermore, the patients were asked to answer questions about onset (time after surgery at which the noise started), frequency (daily, weekly, more seldom than weekly), audibility (whether the noise could be heard only by the patient or by others), activities triggering the noise (rising from a chair, sitting down, bending, walking, walking upstairs or downstairs, climbing a high stair, or some other activity), and personal impact (the degree to which noise led to reduced physical function and inhibited being together with other people). The questions about noise were developed during the test phase, based on 18 patients who were randomly selected from patients admitted to the Department of Orthopaedic Surgery, Vejle Hospital, for primary THA surgery. In addition, the questions were tested by 3 patients who had undergone revision of their CoC THA due to noise.
Statistics
Characteristics of the study population, response rate for every item, the rate of discarded subscale scores, and characteristics of noise from the THA were calculated as proportions. Chisquare test was used to compare proportions between groups. Responders and non-responders were compared with prevalence-proportion ratios (PPRs). Time period from surgery to onset of noise from the THA is presented as median and interquartile range (IQR) and was compared by Kruskal-Wallis test due to skewness. Univariate linear regression was used to compute and compare mean values of age, time since index surgery when receiving PROMs, and BMI between the 3 bearing groups. Multivariate linear regression was used to assess and compare mean values of PROM subscale scores between the bearing groups. Adjustments in the multivariate linear models were made for the categorical variables sex, diagnosis, CCI, year of surgery, fi xation, and femoral head size as categorized in Table 2 . Adjustment for the continuous variables age and BMI was performed by restricted cubic splines to allow for a non-linear dependency of PROM subscale scores and each variable. Due to the large study population, 5 knots placed at the 0.05, 0.275, 0.5, 0.725, and 0.95 percentiles were used on the splines (Harrell 2001) . All estimates are presented with 95% confi dence intervals (CIs). To adjust for departure of normality of the outcomes in the regression analyses, all CIs were based on bootstraps with 100 samplings with replacement at the patient level. In all analyses, MoP was considered to be the standard bearing and was therefore used as reference. Any p-value below 0.05 was considered signifi cant, and a mean difference including 95% CI different from 0 indicates a statistically signifi cant fi nding at the 5% signifi cance level. Statistical analyses were carried out with Stata Statistical Software release 14.1.
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Results

Non-responders vs. responders
The response rate was 85% (3,089 of 3,625). Compared to responders, the non-responders were younger and less likely to be diagnosed with OA, but more likely to have comorbidity. Furthermore, compared to responders, fewer non-responders had cementless THA and more had cemented THA, and fewer had CoC bearings and more had MoP bearings (Table 1) .
Description of the study population
In the study population (n = 3,089), 45% underwent CoC THA, 17% underwent MoM THA, and 38% underwent MoP THA. There was a similar distribution of sexes in the 3 bearing groups. Patients with CoC and MoM bearings were statistically signifi cantly younger than patients with MoP bearings, and patients with MoM bearings had signifi cantly lower BMI than patients with MoP bearings. BMI levels were similar for patients with CoC and MoP bearings. Signifi cantly more patients with MoM bearings were diagnosed with OA than patients with MoP and CoC bearings, and patients with MoP bearings had signifi cantly more comorbidity than patients with the other bearings. 15% of the patients with MoM bearings had their THA implanted during the period 2002-2005, whereas 56% of patients with CoC bearings and 55% of patients with MoP bearings underwent surgery during the same period. For the period 2006-2009, the corresponding percentages were 85%, 44%, and 45% for MoM, CoC, and MoP bearings. Most patients in all 3 bearing groups had cementless THA. Most patients with MoP bearings had femoral head sizes of 28 mm or less, whereas most patients with CoC bearings had 32-mm femoral heads and patients with MoM bearings mostly had femoral head sizes of 36 mm or more. Mean length of follow-up was similar in the CoC and MoP groups, but the mean length of follow-up was shorter in the MoM group than in the MoP group (Tables 2 and 3) .
Missing items and subscales
Apart from the HOOS item A6 about diffi culties when "walking on a fl at surface", which had a higher proportion of missing answers in the MoP group, no differences in the proportions of missing items in the HOOS, EQ-5D index, EQ VAS, and UCLA activity score were found between the 3 bearing groups (Tables 4-6, see Supplementary data). The proportion of discarded subscale scores and discarded BMI due to missing items was low, and there was no difference in the distribution between the bearing groups (Table 7, see Supplementary data). 
Comparison of subscale scores between bearing groups
For HOOS Symptoms, the adjusted mean score was signifi cantly worse for the CoC group than for the MoP group (adjusted mean difference (aMD): −2.3 (95% CI: −4.1 to −0.5)). No other stastistically signifi cant adjusted differences were found for the other HOOS subscales, EQ-5D index, EQ-5D VAS, or UCLA activity score when comparing the CoC and MoM groups to the MoP group (Table 8, see Supplementary data) . Noise 27% of patients with CoC bearings, 29% of patients with MoM bearings, and 12% of patients with MoP bearings had experienced noise from the THA. Patients with CoC THA mainly experienced clicking and creaking noises, and patients with MoM and MoP bearings mainly experienced clicking, grating, and creaking noises. Half of the patients were unable to recall how long after surgery noise was experienced for the fi rst time. Median onset of noise after surgery was 10 months for CoC bearings, 0 months for MoM bearings, and 5 months for MoP bearings (p = 0.02). Of the patients with noise from the THA, 33-47% experienced noise on a daily or weekly basis, and 4-12% indicated that the noise was always audible to other people. Noises were mainly present when bending in patients with CoC and MoM bearings and when walking in patients with MoP bearings. In 36-47% of patients, noise from the THA led to some degree of reduction in physical activity, and 6-16% of patients stated that to some degree noise from the THA hindered being with other people (Table 9) .
Stratifi ed analyses for the 3 types of bearings with and without noise showed statistically signifi cantly worse adjusted mean scores in all HOOS subscales, EQ-5D index, and EQ-5D VAS for patients who experienced noise from their CoC, MoM, or MoP THA than for patients who had silent MoP THAs. For all subscales, the aMD was greatest for noisy MoP THAs. No difference was found between noisy CoC and MoM THAs and silent MoP THAs only in the ULCA activity score, but patients with noisy MoP THAs had signifi cantly lower mean UCLA activity scores than patients with silent MoP THAs. No signifi cant aMD was found in any subscale between the CoC and MoM groups without noise and the MoP group without noise (Table 10 , see Supplementary data). 
Discussion
In this population-based, cross-sectional questionnaire survey we found similar mean scores in the 5 HOOS subscales, EQ-5D index, EQ VAS, and UCLA activity score in patients with CoC, MoM, and MoP THAs after 5-7 years of followup. Patients with MoP THA reportedly experienced less noise than MoM and CoC THA patients. Regardless of which bearing they had, patients with noise had worse subscale scores than patients with silent MoP THAs.
Comparison of the main fi ndings with those in other studies Jameson et al. (2015) compared the EQ-5D index 6 months after primary THA with CoC, MoP, or ceramic-on-polyethylene (CoP) bearings in 4,596 patients. The median postoperative EQ-5D index was higher for CoC THA and lower for CoP THA. However, when comparing changes in preoperative and postoperative EQ-5D index between bearing groups, no differences were found using multivariable analysis. We did not determine the change in EQ-5D index, as no preoperative values were available, but after 5.1-6.9 years of follow-up, we found similar EQ-5D index scores in patients with CoC, MoM, and MoP bearings. In January 2012, the Danish Broadcasting Corporation started a series of news items on the adverse events and risks of having MoM bearings, and the negative publicity continued in the Danish media throughout the spring of 2012. For this study, the questionnaire was mailed to the patients on November 1, 2012. Although an increased risk of revision has been found for MoM (Varnum et al. 2015b) , similar PROM scores were found for MoM THA and MoP THA. One explanation of this might be that patients are not revised due to functional impairment or pain, but it is more likely to have been due to concerns about having a MoM THA, elevated metal ion levels, or radiological fi ndings such as pseudotumors. However, PROs capture a different aspect of outcome after THA than revisions.
Noise
We found a prevalence of noise from CoC THA of 27%, which is lower than the prevalence of 33% reported by Jarrett et al. (2009) . For MoM bearings, however, the prevalence of noise of 29% in our study was much higher than that already reported for squeaking (1.5%) (Bernasek et al. 2011) . The prevalence of noise from MoP THAs in our study was 3 times the prevalence of 4% reported earlier (Jarrett et al. 2009 ). This might be explained by differences in reporting noise. In the study by Jarrett et al. (2009) , the patients answered a questionnaire at follow-up visits, and patients who were unable to come in for the visits were interviewed by telephone, whereas in the study by Bernasek et al. (2011) , all the patients were interviewed by telephone. Thus, differences in questionnaires and methods might give different results. Satisfaction or PROs was described in several studies on squeaking CoC THAs. Sexton et al. (2011) found that a squeaking THA had similar patient satisfaction or Harris hip score (HHS) as silent hips. Other authors have reported similar HHS, SF-36, or WOMAC in patients with and without squeaking CoC THAs (Restrepo et al. 2010). These reports contrast with our fi ndings. However, in a recent study, noise was found to be associated with pain (Nam et al. 2016) . The cause of noise from THAs may be multifactorial, but an association between higher inclination angle and squeaking was found in MoM THAs (Bernasek et al. 2011) , and CoC THAs with an acetabular component orientation outside the range between 15° and 35° of anteversion and between 35° and 55° of inclination were more likely to produce squeaking (Walter et al. 2007 ). The patient-acceptable symptom state (PASS) of 3 HOOS subscales, EQ-5D index, and EQ VAS 1 year postoperatively has been estimated. The PASS was 91 for HOOS Pain, 88 for HOOS Sport, 83 for HOOS QoL, 0.92 for EQ-5D index, and 85 for EQ VAS (Paulsen et al. 2014) . In the present study, only the crude mean of HOOS Pain, HOOS QoL, and EQ-5D index for silent THAs almost reached values for PASS, whereas PROM scores for noisy THAs were worse. This indicates that THAs with noise may not only have statistical signifi cance but also clinical signifi cance when compared to silent THAs. In contrast, we consider the signifi cantly worse adjusted mean difference for HOOS Symptoms of −2.3 for the CoC group compared to the MoP group not to be clinically relevant.
Methodological considerations
The strengths of the present study included the nationwide population-based design. The registries that provided data for the study have a documented good overall validity (Andersen et al. 1999 , Pedersen et al. 2004 , 2006 . Furthermore, the PROMs used in the study are all well validated (Brooks 1996 , Nilsdotter et al. 2003 , Naal et al. 2009 , Wittrup-Jensen et al. 2009 , Thorborg et al. 2010 , Paulsen et al. 2012b , and the response rate was high.
The study also had several limitations. The matching and selection of patients was based on those who had received a CoC THA. These patients had a greater proportion of males, were younger, and had less comorbidity than patients with MoP THA, which might result in confounding by indication. Furthermore, since the response rate depended slightly on the type of bearing, we may have introduced selection bias in the study. Also, the question about onset of noise from the THA may be infl uenced by recall bias. Although the questions about noise from the THA had been tested before administration, the questions were not psychometrically validated, and no retests were performed before they were administered.
In order to reduce the confounding effects of sex, age, and follow-up time, patients with MoM and MoP THAs were matched to patients with CoC THAs according to sex, age at primary surgery, and year of surgery. As it was impossible to identify a unique match in patients with MoM and MoP bearings for all the patients with CoC THAs, some patients with MoM and MoP THAs were matched to more than 1 CoC THA patient. To maintain the matched design, 2 responders with different bearings should have been excluded, if their unique match with the third bearing was a non-responder.
This would have reduced the study population substantially. Thus, when performing the regression analyses, the matching was ignored and instead adjustments for sex, age, and year of surgery were performed to account for these confounders. Surgical approach was not adjusted for, since 96% of patients undergoing primary THA in Denmark have been operated through a posterolateral approach (Danish Hip Arthroplasty Registry 2015). There might still have been the possibility of unmeasured confounding, as we had no information of the patient's preoperative function, smoking habits, civil status, educational level, or income.
The quality of PROM data depends on the proportion of missing data. Missing data were managed in accordance with the specifi cations in the manual for each PROM, and the amount of missing data was lower than seen in previous studies on Danish THA patients (Paulsen et al. 2012b ). The very low proportion of missing data in the present study would not have had any substantial infl uence on our results.
Conclusion
In this nationwide, population-based cross-sectional study, we found similar mean scores in the 5 HOOS subscales, EQ-5D index, EQ VAS, and UCLA activity score in patients with a CoC, MoM, or MoP THA after a mean follow-up of 7, 5, and 7 years, respectively. 27% of patients with CoC bearings, 29% of patients with MoM bearings, and 12% of patients with MoP bearings had experienced noise from their THA. There were worse mean subscale scores for all types of bearings and subscales when comparing noisy THAs with silent MoP THAs, except for patients with noisy CoC and MoM THAs who had mean UCLA activity scores similar to those in patients with silent MoP THAs. The most unfavorable PROM scores were found for noisy MoP THAs, which may have clinical significance. Tables 4-8 , and 10 are available on the website of Acta Orthopaedica (www.acta-orthop.org), identifi cation number 9804.
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